Cell apoptosis is a biochemical and molecular pathway essential for maintaining cellular homeostasis. It is an integrated process involving in a series of signal transduction cascades. Moreover, the apoptotic pathways may be initiated inside various subcellular organelles. Increasing evidence indicates that hydrogen peroxide (H 2 O 2 ) is closely related to cell apoptosis, particularly in the mitochondria. However, during the apoptotic process, the synergetic variation of H 2 O 2 levels in different compartments is seldom explored, particularly in two important organelles: mitochondria and endoplasmic reticulum (ER prominently and continuously increase in the mitochondria, whereas the ER H 2 O 2 levels were found to rise subsequently after a delay. Moreover, during ER-oriented apoptosis induced by tunicamycin, ER is the major site for overproduction of H 2 O 2 , and delayed elevation of the H 2 O 2 levels was found in the mitochondria. Altogether, this dual-probe and multicolor imaging approach may offer a proven methodology for studying molecular communication events on H 2 O 2 -related apoptosis and also other physiological and pathological processes within different subcellular organelles.
Introduction
Apoptosis, a mode of programmed cell death, is critical for maintaining cellular homeostasis. Notably, cell apoptosis is an integrated mechanism involving in a series of signal transduction cascades and the synergistic effects of subcellular organelles.
1,2 There are many different pathways related to apoptosis including ligation of plasma membrane death receptors (the 'extrinsic' pathway) and perturbation of intracellular homeostasis (the 'intrinsic' pathway). Many organelles are major sites of integration of pro-apoptotic signaling, or damage sensing, and can sense stressful and pathogenic alterations to initiate cell apoptosis. 3, 4 In particular, mitochondria-elicited and endoplasmic reticulum (ER) stress-regulated apoptosis are of wide concern. However, the interaction and interplay, as well as synergistic variations of the corresponding signal molecules, during mitochondria-triggered and ER-triggered apoptosis have not been elucidated. H 2 O 2 , as one type of reactive oxygen species (ROS) is an inevitable byproduct of cell metabolism and a common marker and signal molecule for oxidative stress that is associated with apoptosis.
5-8 Therefore, research on H 2 O 2 biology will play a vital role in revealing the relationship between cell apoptosis and H 2 O 2 as well as molecular communication within different organelle-derived apoptosis processes (signal pathways). For instance, H 2 O 2 is generated in mitochondria as an early major mediator in rotenone-induced or ceramide-induced apoptosis.
9,10 And vice versa, H 2 O 2 can induce apoptosis via a mitochondria-related apoptotic pathway. 3, 11, 12 Excessive, or inaccurate, protein folding in the ER may lead to ER stress, and chronic or unresolved ER stress can trigger cell apoptosis, which is responsible for a signicant proportion of H 2 O 2 elevation. [13] [14] [15] [16] [17] However, due to lack of ideal tools, the cooperation of mitochondria and ER in H 2 O 2 biology during apoptosis has not been interpreted. 
The selectivity and reaction kinetics
Aerwards we evaluated the selectivity of these two probes towards other ROS and metal ions. As illustrated in Fig. S3 and S4, † almost no uorescence intensity and ratio changes were observed in the presence of NaClO, OHc, O 2 c À , TBHP, ONOO À , and other common metal ions for MI-H 2 O 2 and ER-H 2 O 2 . In addition, the response kinetic studies for the reactions and photostable experiments were examined in Fig. S5 Fig. 3E , there is basically no overlap uorescence between the green channel of ER-H 2 O 2 (image A, excited by 405 nm and collected at 500-620 nm) and the red channel of MI-H 2 O 2 (image C, excited by 543 nm and collected at 550-600 nm). An enlarged image from Fig. 3E indicated it indeed exhibited remarkable intensity difference in these two images (Fig. 3F) (Fig. S10A †) . Tunicamycin (Tm) produced by several bacteria, is known to inhibit glycosylation during protein or glycolipid synthesis, which can cause the accumulation of proteins or lipids in the ER, leading to acute ER stress. 45 To image the endogenous production of H 2 O 2 in live cells by utilizing ER-H 2 O 2 in this condition, we performed the ratiometric uorescence imaging of Tm-treated HepG2 cells. As illustrated in Fig. S10B , † Tm-treated (10 mg mL À1 , 8 h) cells showed obviously bright uorescence in the green channel compared to that of DMSO-treated cells ( Fig. S10B6 and B2 †) . The ratiometric image between the two channels (green to blue) further validated that H 2 O 2 was produced in this Tm-induced ER stress model (Fig. S10B7 and B3 †) . The similar results were observed in the mouse 4T1 cells (Fig. S11 †) . was applied for uorescence imaging in live HepG2 cells treated with nelnavir, a lead HIV protease inhibitor and broadspectrum anticancer drug that can lead to ER stress. [48] [49] [50] As shown in Fig. S13 , † upon treated with 200 mg mL À1 nelnavir for 160 min, the uorescence intensity of the green channel increased (Fig. S13B and F †) and the ratio between the green channel and the blue channel was higher ( Fig. S13C and G †) . Additionally, the cells showed shrinking morphological changes ( Fig. S13D and H †), indicating the apoptosis of cells involved in the ER-stress pathway. At the same time, a similar experimental result was observed in the nelnavir-induced 4T1 cells (Fig. S14 †) BSO is an inhibitor of gamma glutamyl cysteine synthetase (gGCS), which can induce a decline of glutathione (GSH) and increase of ROS within the whole cell that further results in cell apoptotic behavior. 51 The 4T1 cells were simultaneously incubated with ER-H 2 O 2 and MI-H 2 O 2 for 30 min at 37 C. Then, the cells were washed three times with PBS aer the incubation medium was removed. BSO (5 mM) was added to induce apoptosis. As shown in Fig. 4 , when the 4T1 cells were treated with BSO for various times, the uorescence intensity of ER-H 2 O 2 (green channel) and MI-H 2 O 2 (red channel) gradually elevated simultaneously, implying the H 2 O 2 concentration increased in both mitochondria and ER. At the same time, the shrinking morphologic changes of cells were observed, indicating the occurrence of apoptosis. A similar result was found in the HepG2 cells incubated with higher concentrations of BSO at different times (Fig. S15 †) . These results displayed that H 2 O 2 levels both in the mitochondria and ER would rise during BSO induced apoptosis, presumably because attenuation of cellular GSH levels induced by BSO disturbed the cellular redox status. Inspired by the above interesting results, we next intended to investigate the synergistic variations of H 2 O 2 levels within these two organelles in cells treated with organelle-specic apoptotic stimuli. We rst examined the changes on H 2 O 2 levels in HepG2 cells treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP). CCCP, an un-coupler of mitochondrial photophosphorylation, can induce apoptosis through a mitochondria-dependent pathway by disturbing the mitochondrial membrane potential, which can increase ROS generation in mitochondria. 52, 53 To explore the variations of H 2 O 2 levels in the ER under this stimulant, the HepG2 cells were simultaneously incubated with ER-H 2 O 2 and MI-H 2 O 2 for 30 min at 37 C. Then, the cells were washed three times with PBS aer the incubation medium was removed. CCCP (100 mM) was added to induce mitochondria-oriented apoptosis. As indicated in Fig. 5 (Fig. S16 †) . All of this data showed that H 2 O 2 levels prominently and continuously increased in mitochondria during mitochondria-oriented apoptotic stimulus, and sustaining apoptosis led to a subsequent H 2 O 2 rise in the ER. The reason presumably results from the fact that dysfunction of mitochondria may elicit interplay with other organelles, 4 such as the ER, the lysosome, and the nucleus, which may promote the coordinated variation of active molecules or inter-organellar cross-talk. times with PBS aer the incubation medium was removed. Tm (100 mg mL À1 ) was added to induce ER-associated apoptosis. As illustrated in Fig. 6 are prominently and consistently increased in the mitochondria, and subsequently H 2 O 2 elevation was found in the ER. Whereas, during ER-associated apoptosis, the ER is the major site for overproduction of H 2 O 2 , while a delayed rise in H 2 O 2 levels was also observed in the mitochondria. Although precise H 2 O 2 biology during apoptosis involving the mitochondria and the ER should be further studied, this was the rst example of simultaneous uorescence imaging of H 2 O 2 in the mitochondria and the ER during apoptosis. This may offer a useful platform for further elucidating the molecular mechanism of apoptosis regulated by different organelles.
